Genomic imprinting results in the molecular and functional inequality of maternal and paternal alleles, precluding mammalian unisexual development. In this issue of Cell Stem Cell, Li et al. (2018) employ sophisticated manipulations of gametes and engineered haploid embryonic stem cells to successfully generate both all-maternal and all-paternal mice, effectively overcoming the roadblocks of imprinting.
Genomic imprinting results in the molecular and functional inequality of maternal and paternal alleles, precluding mammalian unisexual development. In this issue of Cell Stem Cell, Li et al. (2018) employ sophisticated manipulations of gametes and engineered haploid embryonic stem cells to successfully generate both all-maternal and all-paternal mice, effectively overcoming the roadblocks of imprinting.
Reproduction is fundamental to all life forms, yet it is also immensely diversified among different species. Most complex organisms reproduce sexually, whereby fertilization between a female and a male gamete yields a genetic mixture. This variation has significant evolutionary benefits in reducing the inheritance of harmful traits and increasing the chances of environmental adaptation. In mammals, uniparental reproduction is effectively restricted by genomic imprinting, an epigenetic mechanism that causes a subset of genes to be expressed from either the maternal or paternal genome, as opposed to most genes, which are expressed from both. In this issue of Cell Stem Cell, Li et al. (2018) report the successful generation of mice that are either bimaternal or, for the first time, bipaternal, providing new insights into the barriers of imprinting in development.
The concept of imprinting was discovered in the 1980s through a series of nuclear transfer experiments that revealed that the functional contributions of maternal and paternal genomes to development are non-equivalent (McGrath and Solter, 1984; Surani et al., 1984) . Experimental reconstitution of mouse conceptuses comprising either all-maternal (parthenogenetic) or all-paternal (androgenetic) genomes resulted in early embryonic arrest. In humans, parthenogenesis and androgenesis can occur spontaneously, leading to specific types of gestational tumors. Subsequent research uncovered that the maternal and paternal genomes acquire differential DNA methylation at multiple loci during gametogenesis. These so-called ''methylation imprints'' are further inherited by offspring and drive the parent-of-origin monoallelic expression of 100 imprinted genes, which play essential roles in development (Bartolomei and Ferguson-Smith, 2011) .
Previous studies sought to overcome the imprinting barrier and produce viable uniparental mice. First attempts using nuclear transfer of imprint-free primordial germ cells (PGCs), the most early precursors of the gametes, led to early embryonic arrest (Kato et al., 1999) , emphasizing that the mere removal of parental imprints is insufficient for normal development. Remarkably, bimaternal mice were first generated by Kono et al. (2004) , employing imprint-free immature oocytes in which a paternally methylated region (H19-Igf2) was deleted. However, these mice exhibited poor survival rates, which was partially overcome by deletion of an additional imprinted locus (IG-DMR) (Kawahara et al., 2007) .
Li et al. have applied an alternative approach for bimaternal reproduction by utilizing parthenogenetic haploid embryonic stem cells (phESCs) derived by artificial activation of unfertilized oocytes ( Figure 1A) . The successful generation of viable bimaternal mice was achieved via a three-step process: (1) global hypomethylation including erasure of maternal imprints, attained by culturing the cells in 2i medium; (2) altering the regulation of one or two paternally imprinted regions (IG-DMR and H19-Igf2) by introducing deletions with CRISPR-Cas9; and (3) injecting an edited phESC into a mature oocyte ( Figure 1A) . Whereas pups with a singlelocus deletion (D1) were severely retarded and died shortly after birth, mice with de-letions at both loci (D2) survived to adulthood and were fertile (Li et al., 2016 (Li et al., , 2018 ) ( Figure 1A ). However, D2-bimaternal mice still featured growth retardation, behavioral abnormalities (such as reduced activity), decreased cholesterol levels, and prolonged lifespan, demonstrating postnatal effects of aberrant imprinting. Analyzing differential gene expression in D2-bimaternal mouse brains prompted Li et al. to add a third deletion at another known paternally imprinted locus (Rasgrf1), and subsequent generation of triple-loci deletion (D3) bimaternal mice resolved the abnormal phenotypes of their D2 counterparts ( Figure 1A) .
Beside the noteworthy progress toward producing normal bimaternal mice, perhaps the most outstanding achievement of this study is the generation of live bipaternal mice descending from two sperm cells. Here, the use of androgenetic haploid ESCs (ahESCs), derived by injection of sperm into an enucleated oocyte, was fundamental to this breakthrough, because in males there is no equivalent to the imprint-free immature oocytes previously employed in bimaternal embryogenesis. Owing to their paternal origin and haploidy, ahESCs can substitute for sperm in oocyte injections. Importantly, cultured ahESCs also featured global hypomethylation and a PGC-like state, similar to phESCs, where all parental imprints were absent ( Figure 1B) . However, whereas manipulation of only two or three of the four known paternally imprinted regions was sufficient for generating bimaternal mice, a greater number of alterations was needed for producing bipaternal mice, as maternal imprints are far more abundant (Bartolomei and Ferguson-Smith, 2011) . Accordingly, Li et al. initially chose six imprinted loci known to affect embryogenesis (Nespas, Peg3, Snrpn, Kcnq1, Grb10, and Igf2r) and deleted them in hypomethylated ahESCs (D6) in a manner predicted to simulate their maternal regulation ( Figure 1B) . Notably, the birth of full-term bipaternal mice was achieved only by tetraploid complementation, using androgenetic diploid ESCs derived following co-injection of a sperm and a D6-ahESC into an enucleated oocyte. However, D6-bipaternal mice were born at an extremely low rate, and died shortly after birth with severe abnormalities such as overgrowth and suckling and breathing difficulties ( Figure 1B) . Aiming to improve the survival of bipaternal mice, Li et al. added a seventh deletion of another im-printed gene (Gnas), which resulted in a slightly higher birth rate of D7-bipaternal mice. Notably, several phenotypes were partially ameliorated in these mice, and two pups even survived for 48 hr after birth ( Figure 1B) .
This study offers a significant advancement toward producing offspring from same-sex parents. Nevertheless, further research is required to address several open issues. The abnormal phenotypes A B Figure 1 . Generation of Bimaternal and Bipaternal Mice with Engineered Haploid ESCs (A) For producing bimaternal mice, parthenogenetic haploid ESCs were derived from activated haploid oocytes. These cells, which lost their maternal imprints during culture, were subjected to CRISPR-Cas9-mediated deletions (D) at one, two, or three paternally imprinted regions and subsequently injected into a mature oocyte. (B) To generate bipaternal mice, Li et al. isolated androgenetic haploid ESCs using sperm injection into an enucleated oocyte. Following loss of paternal imprints in culture, either six or seven maternally imprinted regions were deleted in these cells. Co-injection of an engineered haploid ESC and sperm into a new enucleated oocyte subsequently resulted in the birth of bipaternal mice.
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Previews of bipaternal mice are likely due to improper regulation of additional maternally imprinted regions, suggesting that further manipulation is required for improving their viability. In addition, the experiments performed in this study relied on spontaneous and indiscriminate loss of global DNA methylation, followed by extensive genome editing-both may cause undesired off-target effects. Moreover, while genetic deletions are sufficient for altering the regulation of imprinted loci, they are intrinsically irreversible and inherited to the next generation. This would inevitably lead to abnormal development in some of the offspring derived from uniparental mice. In this regard, the recent development of precise tools for editing DNA methylation (Liu et al., 2016) offers an attractive technique to achieve an accurate, reversible epigenetic switch between maternal and paternal imprinting.
In this work, Li et al. provide an exciting and important contribution to our understanding of mammalian imprinting and its role in development, reinforcing that the generation of both bimaternal and bipaternal mammals is probably restricted only by the proper regulation of imprinted genes. Although this study was performed in mice, the recent isolation of haploid human ESCs (Sagi et al., 2016) may help achieve a similar ''imprinting switch'' also in humans. In addition, the interrogation of developmental phenotypes associated with specific imprinted regions adds to our knowledge of imprinting disorders. Importantly, the feasibility of altering the regulation of imprinted genes might also offer new therapeutic approaches for treating them. In normal homeostasis, cancer defense, or stem cell therapy, epidermal progenitors undergo constant competition to reach an equilibrium state. In this issue of Cell Stem Cell, Mesa et al. (2018) and Murai et al. (2018) show that skin epidermal progenitors maintain tissue homeostasis through competitive equilibrium under physiological self-renewal or oncogenic conditions. Located at the outermost edges of the body, skin epidermis protects the organism from environmental insults. The epidermis is composed of multi-layered keratinocytes that undergo continuous renewal. Normally proliferation is seen only in the basal layer, where the stem cells reside. Homeostasis, reached by coordinated cell division, differentiation, and shedding, maintains region-specific epidermal thickness. Yet whether the stem cells decide to divide through the control of an intrinsic clock or in response to extrinsic cues has not been elucidated. 
